Abstract-In high current, high voltage, high temperature (T > 125°C) power applications, commercially available conventional silicon thyristors are not suited because they present high leakage current. In this context, this paper presents a high-symmetrical (voltage) thyristor structure that presents a lower leakage current and higher breakover voltage as compared with the conventional thyristor at T > 125°C. It is shown through 2-D physical simulations that the replacement of the P-emitter of a standard symmetrical thyristor by a judicious association of P diffusions and Schottky contacts at the anode side contributes to the reduction of the leakage current in the forward blocking state at high temperature. A fine tune of the anode side configuration will improve the forward OFF-state behavior with only a negligible ON-state voltage drop degradation. Moreover, the comparison with the conventional anode short thyristor shows that the insertion of Schottky contacts leads to the same improvements in terms of OFF-state forward breakover voltage and leakage current and also presents a high reverse blocking voltage.
I. INTRODUCTION

I
N HIGH voltage and high current applications, such as High Voltage Direct Current transmission [1] or pulsed power application [2] , a thyristor is commonly used as a power switch because of its high power switching capabilities. The thyristor architecture is made of four layers for different doping forming an n-p-n and a p-n-p bipolar transistor. The maximum operating temperature of the commercially available symmetrical thyristors is generally limited to 125°C. Under high operating temperatures, the leakage current increases, amplified by the transistor gains that leads to the parasitic latchup of the thyristor. G. Toulon is with the CNRS, LAAS, Toulouse F-31400, France, and also with the Université de Toulouse, LAAS, Toulouse F-31400, France (e-mail: gtoulon@laas.fr).
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Digital Object Identifier 10.1109/TED.2013.2280554 Moreover, the temperature-induced high leakage current can degrade the functioning of the whole power function in some cases. Indeed, in applications such as pulsed power circuits, as shown in Fig. 1 [3] , a capacitor is charged when the thyristor is maintained in OFF-state and it discharges through an RL circuit when the thyristor is switched on. When the ambient temperature becomes high (T > 125°C) the thyristor leakage current becomes high, deviating a part of the current dedicated to the capacitor charging. It causes the degradation of the system operation, either by the reduction of the operating frequency of the system, or a system malfunctioning in the case of the thyristor parasitic latchup.
The general approaches reported in the literature for leakage current reduction focus on the current gain reduction of the internal bipolar transistors that compose the thyristor. Indeed, this can be achieved by different ways, such as: 1) local electron or proton irradiation at the main junctions to reduce the carrier lifetimes [4] ; 2) n-type buffer layer between the N-base and P-emitter; 3) anode short circuits [5] . The two last techniques, which have already been demonstrated in high temperature applications [5] , lead to a degradation of the reverse blocking capability, which means that additional components, such as a diode connected in series with the thyristor, must be added that leads to an increase in the number of components and cost.
Silicon carbide, because of its physical properties, could be considered for high temperature power applications. However, some technological issues still need to be solved, such as the reduction of basal plane dislocation density during thick epitaxial layers growth, which leads to a degradation of the carrier lifetime and then the increase of the ON-state voltage drop, or the development of novel termination techniques for bidirectional blocking capability [6] .
We propose a Si-thyristor structure based on the usage of Schottky contacts associated to P diffusions at the backside 0018-9383 © 2013 IEEE of a symmetrical silicon thyristor [7] for symmetric blocking voltage, as shown in Fig. 2 . The Schottky contact on the thyristor anode side leads to a reduction of the emitter injection efficiency of the J 2 junction, similar to the conventional anode shorts, while preserving the reverse blocking capability of the device. The importance of the structure proposed in this paper is twofold: as compared with a symmetrical conventional thyristor of same size and physical parameters, it presents a lower forward leakage current and higher breakover voltage mainly at ambient temperatures >125°C.
In this paper, the impact of the insertion of Schottky contacts in the backside of a thyristor on its electrical characteristics is studied using Technological Computer Aided Design (TCAD) simulations.
II. LEAKAGE CURRENT REDUCTION METHODOLOGY
The leakage current in a thyristor in the forward blocking mode (V AK > 0) can be expressed by the following:
where I C0 is the leakage current of a p-n junction in the blocking state and α PNP and α NPN are the gain of the bipolar transistors composing the thyristor shown in Fig. 2 . The thyristor leakage current reduction can be achieved by minimizing I C0 , α PNP , and α NPN . The leakage current I C0 depends on the N-base doping concentration that sets the breakdown voltage of the device. Cathode shorts, usually used in commercial thyristor, reduce the n-p-n current gain during forward blocking mode through the reduction of R P-Base resistor (Fig. 2 ) that connects the base and emitter of this transistor. The configuration of these cathode shorts [8] has an influence on the n-p-n transistor current gain, the gate triggering current, and the device dV/dt capability. The p-n-p transistor gain can be lowered by different methods presented in Section I. In this paper, we present a solution based on an association of Schottky contact and P diffusions as used in the junction barrier Schottky (JBS) diodes [9] at the thyristor anode side, replacing the P-emitter in the conventional thyristor for the reduction of the p-n-p transistor gain.
III. SIMULATION RESULTS
A. Studied Structures
Three symmetrical thyristor structures are studied: a conventional one, a thyristor with Schottky contacts at the backside [ Fig. 3(a) ] and a anode shorts thyristor [ Fig. 3(b) ]. This last structure is identical to the previous one, except that the backside electrode contacts an N + diffusion instead of the N-base region. To achieve a symmetrical breakdown voltage, the N-base doping concentration is uniform and lightly doped in comparison with the p-type regions surrounding it. P-base and P-emitter junction depth are of 7 μm, while the cathode N + -emitter and gate P + diffusion depth are of 1 μm. These values are in accordance with the technological process [10] . Different N + -emitter widths (W cathode ) and an anode width (W a ) of 100 μm are used. Cathode shorts are added for the reasons given previously.
All TCAD simulations have been performed with drift-diffusion model, as well as Shockley-Read-Hall recombination model. Self-heating has not been considered in our simulations, especially in the OFF-state since the power dissipated in these cases is low. Schottky contacts have been simulated considering the barrier lowering effect [11] . A barrier height of 0.61 V has been specified for the Schottky contact in the simulator, which represent a metal work function ( M ) of 4.5 V corresponding to Chromium (Cr) when deposited on n-type silicon. For low values of the N-base doping concentration, the breakover voltage is limited by the reach-through of the base, leading to a reduction of the breakover voltage when lowering the doping concentration, while for high values, it is limited by the avalanche breakdown of the reverse biased J 1 junction, which means that the increase of the doping concentration means a reduction of the breakover voltage. Consequently, for a given N-base layer thickness; there is an optimum doping concentration, which gives the highest breakover voltage. From the results in Fig. 4 , at a fixed W N value, the insertion of Schottky contacts or anode short leads to an increase of the maximum breakover voltage. As a result, for an achievable breakover voltage, the N-base layer thickness can be lowered compared with the case of a conventional thyristor, leading to a reduction of the ON-state voltage.
B. OFF-State
The leakage current in a Schottky contact can be high because of the barrier lowering effect under the presence of an electric field at the interface [11] . However, this degradation can be limited by the small spacing between two P diffusions, protecting the Schottky contact against excessive electric field values, as used in JBS diodes. This effect is shown in Fig. 5 , where one can note that the Schottky contact must be narrow to prevent the degradation of the reverse blocking characteristics of the thyristor.
In Fig. 6 , the reverse characteristics of the thyristor with Schottky contacts and the conventional one are compared at different temperatures.
The anode of the structure with the Schottky contacts has been determined considering the previous simulations results. As a consequence, a Schottky contact width (W s ) of 4 μm has been chosen and maintained constant in the following sections of this paper. A lower value would have given better results, but would have been very difficult to realize using the fabrication process [10] . We can notice in Fig. 6 that both structures present the same breakdown voltage variation as function of temperature, but the presence of the Schottky contact leads to a soft transition near the avalanche breakdown because of the barrier lowering effect. However, a lower reverse leakage current could be expected with the use of a Schottky metal that is characterized by a higher barrier height, as detailed Section III. Fig. 7 shows the evolution of the forward breakover voltage as a function of temperature for the three structures. For every structure, the reduction of the N + cathode width (W cathode ) leads to an improvement of the forward breakover voltage at high temperatures. Indeed, when reducing W cathode , the minimum gate current necessary to turn ON the device increases, because of the P-base resistance R P-base (Fig. 3) , which is proportional to the N + cathode width, that the current flowing through this resistor required to forward bias the p-n junction between P-base and N + must be high if the R P-base is small.
For a fixed value of W cathode , the insertion of Schottky contacts or anode short leads to a reduction of injection efficiency of the J 2 junction, because a part of the carriers are deviated through the Schottky contacts or the anode shorts. Consequently, this thyristor presents an improvement in its breakover voltage at a higher temperature as compared with a conventional thyristor. The variation of the breakover voltage with temperature of the thyristors with Schottky contacts is identical to that of the thyristors with anode shorts, meaning that the Schottky contact has the same effect as the anode short.
The forward blocking characteristics of the three structures is shown in Fig. 8 . The lower leakage current in the thyristors with Schottky contacts and anode shorts as compared with the conventional thyristor case explains their improved OFF-state capability at high temperature.
The reduced leakage current in the thyristor with Schottky contacts can be explained by comparing the transistors current gains α PNP and α NPN of both structures. To extract different gains, several structures of identical sizes and parameters have been simulated and their leakage current evolution compared: the thyristor, which are the subject of the study, a p-n junction, a p-n-p and a n-p-n bipolar junction transistor. Fig. 9 shows an example of leakage current simulated for the four structures. In this case, a conventional thyristor is compared with the three other structures.
The curves in Fig. 9 show that the leakage current in the p-n junction and the n-p-n transistor are identical. It means that the current gain of the n-p-n transistor α NPN remains very weak. This low value comes from the presence of cathode shorts in the n-p-n transistor, as same as in the thyristor. The higher leakage current in the p-n-p transistor and the thyristor is due to the α PNP increase with the anode voltage. When the thyristor voltage reaches the breakover point, the p-n-p current gain value is equal to one. The sum α NPN + α PNP are obtained from (1) by comparing the leakage current in the thyristor and in the p-n junction. The sum of both transistor gains is almost equal to that of the p-np one, as observed Fig. 9 . Consequently, the conventional thyristor breakover voltage is mainly limited by the p-n-p current gain. Fig. 10 shows the evolution of the p-n-p transistor gain as a function of the anode voltage for the thyristor with Schottky contact and the conventional thyristor. In the conventional thyristor, the α PNP increases more rapidly and reaches a value of one at a lower anode voltage. These results are in good agreement with the results from Fig. 8 . The abrupt increase of α PNP in the thyristor with Schottky contacts at an ambient temperature is mainly due to the avalanche because the injections of holes from the P-emitter are very low at this temperature.
C. ON-State
The ON-state voltage drop of the three structures is shown in Fig. 11 for a current density of 200 A.cm −2 .
The ON-state voltage drop for the thyristors with Schottky contacts and anode shorts is represented as a function of the ratio of the Schottky contact width (W s in Fig. 3 ) to the anode cell width (W a in Fig. 3 ). The W s value has been chosen equal to 4 μm in accordance with the results in Fig. 5 . Consequently, when the W s to W a ratio increases, the P-emitter width decreases (W p ), which leads to the reduction of the injection of carriers into the N-base region and consequently to an increase of the ON-state voltage drop. This voltage drop increase with the W s /W a ratio is more pronounced in the case of thyristors with anode shorts. On the other hand, for larger P-emitter, the ON-state voltage drop tends to that of the conventional thyristor value. Consequently, the Schottky contact surface should be maintained small compared with the P-emitter one that the conduction power losses should not be increased. As an example, for a W s /W a ratio of 0.03, the ON-state voltage drop degradation is of ∼0.15 V for the thyristor with Schottky contacts, while the ON-state voltage drop is equal to 1.9 V in the conventional thyristor. Fig. 12 , representing the evolution of the breakover voltage as a function of the ratio of the Schottky contact width W s to the anode cell width W a , shows that the increase of the Schottky contact width leads to a slight improvement in the breakover voltage. At high temperatures, where the improvement is more noticeable, the widening of the Schottky contact results in an increase of about hundred of volts. However, as observed in previously, the increase of the W s /W a ratio leads to a degradation of the ON-state voltage drop. Consequently, a low W s /W a value should be preferred to keep good performance since the gain in the OFF-state is low. 2) Schottky Contacts Placement: Fig. 13 shows the leakage current in the forward direction decomposed into two components: electron current flowing into the Schottky contacts and hole current flowing into the P-emitters. The current increase at V AK = 4.8 kV comes from the p-n-p transistor current gain increase, which also corresponds to the breakover voltage of the conventional thyristor. The current increase in the dotted curve is due to avalanche of the reverse biased p-n junction J 1 (Fig. 2) , until the thyristor latchup, which corresponds to the last point of the dotted curve in Fig. 13 .
D. Optimization of Schottky Contacts Thyristor 1) P-Emitter Width:
The maximum hole current necessary for the thyristor latchup depends on the P-emitters width and positions with respect to the cathode shorts positions. Indeed, the holes injected from the P-emitters create a voltage drop in the resistance R P-Base when flowing laterally through the P-base. The thyristor latchup as soon as one P-base/N + cathode junction becomes forward biased, which lead to an undesirable triggering of the thyristor, as shown in Fig. 14 .
Since the maximum current density is at the middle of the P-emitter width (Fig. 15) , it is necessary to place the cathode shorts in such a way that the hole current coming from the P-emitter have the shortest path when flowing to the cathode shorts through the P-base. Consequently, every P-emitter should be aligned with a cathode short to achieve a higher voltage with a uniform latchup of the thyristor. Fig. 16 shows the current distribution in the case of a uniform latchup of the device when considering the optimal configuration. The values considered in this case are W cathode = W P = 100 μm. Moreover, this configuration would improve the dV/dt capability of the thyristor.
3) Schottky Contact Barrier Height: Different metals can be used for the realization of rectifying contact on silicon. Table I lists the barrier height of different metals on n-type silicon [12] . The B values shown in Table I The results in the forward blocking state show that the barrier height has only a minor influence on the leakage current, except for the value of 0.81 V where the Schottky contact is no more efficient for the reduction of the p-n-p transistor gain and then of the leakage current.
On the contrary, the barrier height of the metal has an influence on the reverse leakage current. The reduction of B leads to a degradation of the reverse current leakage current in the thyristor. From these simulations, a Schottky barrier height of 0.67 V presents the best tradeoff between the improvement in the forward blocking mode and degradation of the reverse leakage current. 
IV. CONCLUSION
In this paper, different high voltage (5 kV) thyristor structures: a conventional symmetrical thyristor, an anode short thyristor, and the proposed thyristor structure using Schottky contact at the anode side, have been compared in terms of ON-and OFF-state electrical performance. The simulation results showed that the thyristor with Schottky contacts exhibits an improved forward breakover voltage at high temperature as compared with the conventional thyristor and presents a lower leakage current. These improvements in the blocking state electrical performance is achieved at the cost of only a slight degradation of the ON-state voltage drop. Because of the use of Schottky contacts, the proposed thyristor structure exhibits the same performance gain of the anode short thyristor at high temperature, while preserving the reverse blocking capability, as same as in the conventional thyristor structure. These improvements are highly desirable for high voltage and high current pulsed power applications [13] .
The structure optimization method was detailed. We have shown by TCAD simulations that the arrangement of the Schottky contacts and P + -emitter diffusions have an impact on the forward and reverse electrical characteristics of the device. A fine tune of the anode configuration leads to an optimized tradeoff between the forward breakover voltage, ON-state forward voltage drop, and reverse blocking leakage current.
